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Outline

|. MiniBooNE and V-mode beam
- wrong-sign background

2. Neutral-current elastic measurement
- reconstruction + selection
- cross-section calculation
- results

3. Charged-current quasi-elastic measurement
- reconstruction + selection
- cross-section calculation
- results

4. Combined measurements

5. Summary
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Flux prediction

Joe Grange Nulnt 2012 Oct. 25 2012

» Secondary TT production
based exclusively on

external data - NO N SIU 5, vttt 5 st oot PP
tunin g g - 6,:=105 mrad __ 6,=135 mrad
2 S T
- both TT" and 117 E10 L7 . T
8 50 3 R
. i 2 | T M S e slbm‘,f“" et
» These dedicated data % 20 ¢ ;
150 | 6,=165 mrad - 0,=195 mrad

allow for absolute MB O
measurements

TT- production
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HARP collaboration,
Eur. Phys. J. C 52 29 (2007)
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Detector

Joe Grange Nulnt 2012

Oct. 25 2012

PMT

__Tank Region

<
N

__Veto Region

o [=575 CM
——r=610cm

Nucl. Instr. Meth. A599, 28 (2009)

» Primarily a Cherenkov
detector, best at reconstructing
leptons.

» However we've shown late
light can be used to
reconstruct protons well (NCE
measurement - more later).




NUANCE

Joe Grange Nulnt 2012 Oct. 25 2012

» Use Llewelyn-Smith expressions for elastic scattering on free nuclei
Phys. Rep. 3,261 (1972)

» Relativistic Fermi Gas (RFG) model: bound nucleon targets treated as
independent particles subject to binding energy and global Fermi

momentum  Nucl. Phys. B43, 605 (1972)
- FF values set by (e,e’) scattering data

- introduce empirical Pauli blocking scale K

» Single TT production: Rein-Sehgal model
Ann. Phys. 133,79 (1981)




Pre-MiniBooNE O’s

Joe Grange Nulnt 2012 Oct. 25 2012

v CC cross-section G. Zeller ~045 'y CC cross-section G. Zeller

I ol A e L
(o) " ot Anova c/ ey
» Sparse measurements around » No sub-GeV anti-neutrino O’s
MiniBooNE energies » vital for future CPV
» Need as much input as possible measurements
for successful oscillation » First CC + NCE sub-GeV anti-
program neutrino measurements today!




V-mode rate

NC EL

» MiniBooNE has PRD 82, 092005 (2010)
published ~90% of the

total V-mode rate,

CCn*

PRL 103,
081801 (2009)
PRD 83,

052007 (2011)

QE C
PRD 81, 092005 (2010) 4/(,‘ 0 P

PRL 100, 032301 (2008) /VC Y. 05'?083

WS other 70 ?009(’
. A <07
» Lots of interest: more 073'206’7 /

. . Ry W5
than 500 citations from » As you heard, we're /9040 Geef,@o,@
8 -

these papers still extracting info.

from V-mode data
(M.Tzanov’s talk)




V-mode rate

» To complete MiniBooNE o
program, must fully exploit NC EL CC
unprecedented anti-V

statistics
- 1.0 x 10?' POT in a mostly-
unexplored energy region

CCnl
NC r*'-

NC n°

PRD 81,
013005 (2010)

other

QE

» Before able to make
precision anti-vVy 0’s, must

. WS v
deal with largest ﬂ; 4 072005 (011
background: wrong-sign v




Wrong-sigh background

Joe Grange Nulnt 2012 Oct. 25 2012

12000

» Vy parent TT* production in anti-V

mode (“wrong signs”) mostly not
covered by HARP (right)

- overall rate highly uncertain!
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» Moreover, accepted TT angle a mild '
. 2000 )
function of energy B T
1600 :_ p+Be —» v — Vu
- need to check flux spectrum! g
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Wrong-sigh measurements

oe Grange ulnt ct.
Grang Nulnt 2012 Oct. 25 2012

» Other detectors employ magnetic field to separate v/ anti-vy
- MiniBooNE unmagnetized, must use statistical techniques

» General strategy: isolate samples sensitive to vV, beam content, apply
measured O’s from neutrino-mode data (CCQE, CCTr")

d
Rate ata (I)true W gneas (I)true

RateSim (I)sim X gmeas (I)Sim

» Level of data-simulation agreement then reflects accuracy of (highly-
uncertain) Vy flux prediction




Three vy flux measurements

» Three samples isolated and analyzed:

|. CCTT1* sample

anti-V induced TT- absorbed in the medium (does not decay), so by requiring 1, 2
decay electrons (one each from p and TT* decay), get > 80% purity sample of v, events

2. Scale samples consisting of p-only and p+e for vy, anti-vy content

Vu CC events have 8% capture rate in mineral oil

3. Backward scattering region in CCQE sample

anti-v CCQE expected to be much more forward-going

Phys. Rev. D84: 072005 (201 I) and AIP Conf. Proc. 1405, 83 (201 1) 12




Three vy flux measurements

Joe Grange Nulnt 2012 Oct. 25 2012

» Three samples isolated and analyzed:

|. CCTT1* sample

anti-V induced TT- absorbed in the medium (does not decay), so by requiring 1, 2
decay electrons (one each from p and TT* decay), get > 80% purity sample of v, events

2. Scale samples consisting of hU-only and p+e for vy, anti-v, content
Vu CC events have 8% capture rate in mineral oil

Method #3 model dependent!
Details of forward-going anti-vV assumption
3. Bz not well understood, results NOT USED mple
to extract anti-V cross sections
anti-\ Once O’s better known, could be a 1-going
powerful technique

Phys. Rev. D84: 072005 (201 |) and AIP Conf. Proc. 1405,83 (201 I) 13




Wrong-sign flux results

Joe Grange Nulnt 2012 Oct. 25 2012

» Results binned in energy as finely as allowed by statistics
- nominal prediction ~20% high in normalization, simulated spectrum appears

adequate
1ab Vu @ in anti-v mode
1=
o L
§ B
X 0.8:— } } }
206 {
R
< 04
- o CCln*
02- ® CCQE
¥V u capture
WAL= aut s s

generated E, (GeV)

» predicted vy flux in anti-v mode constrained by < 5%




Last word on V-mode flux

» Wrong signs constrained to a sub-dominant uncertainty in all anti-v
mode analyses

» Let’s move to anti-V analyses, where we can exploit HARP data

0.3 only pions predicted to pass the horn and lead to a detector event shown

-oL ool [HARP coverage|
O p+Be — x — 7V, [87.2%
025 i p+Be — 1t — v, [21.1%)

o2f ffiiiiiiiiiiiooo “right sign”
Vi flux
< piIEEARIIiiiiiiiiiile g well-constrained

— .---m_J:mm ............. - .

VT ifrIEEBEEEEEIii i iiiiiliin by HARP data
oos|- (| IIEEBEEEEEEZIIIiiiiiiiiiiiio

- R N =¥ - N - NN —— oDl

R - AR TS S

0 1 2 3 4 5 6 7 8

P, (GeV)




2. Neutral-current elastic measurement
- reconstruction + selection
- cross-section calculation
- results




(Anti) neutrino-nucleon neutral current elastic

(NCE) scattering

» Most fundamental neutral current probe of the nucleon

» Cleanly offers sensitivity to hadronic side of elastic
interactions

» Vu NCE analysis
PRD 82, 092005 (2010) ¢




Nucleon reconstruction

Joe Grange Nulnt 2012 Oct. 25 2012

» We measure sum of n+p NC interactions: identical isotropic
scintillation signature for bulk of spectra

» Some separation above Cherenkov threshold (350 MeV)

NC elastic proton

6000 NC elastic neutron

» Dedicated fitter identifies 5000
kinematics via PMT hit charge
and time-likelihood 4000

maximization 3000
- assumes outgoing N is proton

Cerenkov threshold
for protons

2000

IIIIIIIIIIIIIIIIIIIIIIIIII

- position res. ~0.7 m
1000

- energy res. ~20%

e |

1200

1 1 1 I 1 1 l 1 1 1 I L 1 1 L | 5— T
2 4 . 1
o L




Event selection

Joe Grange Nulnt 2012 Oct. 25 2012

|. One subevent
» removes decaying particles (M, TT)

In time with V beam

3. LOW veto activity gggggé Proton hypothesis reconstruction
» ensures containment, rejects incoming  Zotrat
Pa I"tl C I es § gg: 2 ;: ----- Neutral current elastic MC
. . ® 0:01 2 E_ Beam unrelated data
4. Signal PMT hits > |2 001
» reconstructible event / gggg— __________________
5. Cut on time In(Le/Lp) 0002k A T
, : 9 0 10 20 30 40 50
» rejects beam-unrelated e’s tcorr_NCFitter (ns)
6. Reco. energy < 650 MeV
» rejects high E backgrounds Exp’t def’n: 0 W’s, 0 FS TT’s, any # of nucleons

7. 5m fiducial volume




NCE sample

Joe Grange

» 61k events pass selection

Nulnt 2012 Oct. 25 2012

- 33% efficiency
48% purity Process Contribution
- (o
b+ N>, +N 48%
Constrained
by wrong-sign — Allvy 19%
measurements
“Dirt” I7%
Dedicated background / NC 0 49,
measurement A

|
Irreducible bkg:
NCTT with no final-state TT




Dirt background

Joe Grange Nulnt 2012 Oct. 25 2012

» “Dirt”: events produced external to the detector, do not deposit
energy in veto, lead to PMT activity

» Tend to pile up at:
- high radius
- upstream half of detector
- low energy

» Form dirt-enriched samples based on
these correlations

» Performed in V-mode NCE
measurement as well, need

to repeat for V-mode beam




Dirt background

» Many, many

measurements:
= "
- 10 energy bins in the S 141 o
beam direction (Z_corr) &I 12F —E_Cor
and radius (R_corr) o 1E | Tbesth il
- ﬁF the energy spectrum 08k 4 1+ -+
directly ( ) - | | T 1
. . 0.6 =t
- Results consistent with +11 T T|-- =. HN
vV mode NCE dirt fits 041 T L
. . 0.2
- final uncertainty on dirt
events less than 10% 0556700 750 200 250 300

T(MeV)




Irreducible background

Joe Grange Nulnt 2012

Oct. 25 2012

» Rely on MC to predict this background
- 30 - 40% errors assigned

» Irreducible: NCTT with no final-state T, e.g.. vp >Vpp

vV p —)Vny
vn —)Vng"/

vn 5>vpw

. > 4500
Q

» Will also report what was 2 4000

subtracted to allow 3500

model-independent comparisons & 3000

: : - © 2500

- following previous MiniBooNE 2000
conventions

1500

1000

500

0 '.u“rzrzr,'l,l,///Z//// 4
200

-+ = Data with statistical errors
— Total MC
— VNCE Signal MC
Dirt background MC
= [rreducible backgrounds MC(Irr+Oth

77 v induced backgrounds(WS)

z,

o MV T

v

300 400 500 600

100
reconstructed proton energy(MeV)




Cross-section calculation

Joe Grange Nulnt 2012 Oct. 25 2012

» Main result is d0/dQ?. Can calculate Q? based on nucleon energy
assuming interaction with an independent, at-rest target

Q° =2mpy ZTN

» Notice! Reconstructed solely on hadronic activity, CCQE Q?
reconstructed solely on leptonic activity
. ) MC signal,
unfolding matrix reco data

\ / /°

» Simple O calculation from here: 5
do 225 Uii(dj X -=357)
B AQ2e;®T
bin width / Q ’ ‘ \nucleon targets

detection efficiency int. flux




Systematic uncertainties

Nulnt 2012 Oct. 25 2012

Joe Grange

» Most uncertainties on
parameters, processes that affect Error source Normalization
uncertainty (%)
the final measurement evaluated
through “many universe” MC anti-v flux 6
method:
Backgrounds 6
k;
k
k Z U (d X SFLpk ) Detector 15
do _ +b3
d()? AQ%eFFT Unfolding 7
k: parameter/process excursion from “best-guess” Total (includes 21
correlations)

Uncertainty dominated
by light propagation
model

» Difference of these alternate O’s
from central-value sets systematic

uncertainty




Results

First time shown

. Data with total error

p—
o\ oo
[HCLHH s
p—
o @]
%)
O

--=- v NCE signal MC

— Irreducible background

[
[\

o |
o0
TT[TTT[TIT[TIT[TIT[TIT[TTT[TTT

do/dQ*(cm/GeV?)
~

preliminary

o o
~ O
%N

&
ko

)

02 04 06 08 1 12 14 16
Q' (GeV")
» Adequate agreement with MC prediction tuned to vy CCQE data




More model comparisons

g

— MC (M, =1.29,k=1.026)

>
Q
= 3000 I Data with total error
NS .- MC (M ,=1.02,x=1.000)
S~
2 250F e MC M ,=1.39, k=1.000)
()
>
3

:

2

Li..  preliminary

.
Lo
'

s o 0 0 4 1 . . . 1, ., 5
100 200 300 400 500 600
reconstructed proton energy (MeV)

» Not much shape sensitivity to model parameters




3. Charged-current quasi-elastic measurement
- reconstruction + selection
- cross-section calculation
- results




V. CCQE

Joe Grange Nulnt 2012 Oct. 25 2012

» Complementary to the NCE analysis with exclusive hadronic
reconstruction, MiniBooNE CCQE is based exclusively on Y
kinematics (no attempt to recover hadronic activity)

» Vu CCQE only involves protons: MiniBooNE medium CHpy, so sample
is mix of bound and free scattering

typical event

200 T T B L
200 M E
1801 E
160" 1
140F- =
1205 =
100} E

oo.ooooooo“\oooo’

P
Either bound
('2C) or quasi-
free (H)

mna Le from Y decay
20; |

O_n | | WOTI Y Ly L L L ow A | i
0 2000 4000 6000 8000 1000012000140001600018000

Hit Time (ns)




Vu CCQE reconstruction
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» Similar to proton NCE fitter, P kinematics identified by fitting PMT hit
topology and timing

E, Oy, 2
0.4F
— M kinetic energy
3F lution (%
to,xo’yo,zo 0.3 %_ resolution ( )
: N .02
» U’s leave distinctive Cherenkov ring, 3 |
reconstruction performs well O.1F \
0.0 e a0 s0o 0% 1000 7300
true KE (MeV)

. . . . NIM A608, 206 (2009
» This motivates exploitation of our large o)

statistics to map the O as a function of U
kinematics: main result d?20/dTd(cos0,)




Vu CCQE selection

Joe Grange Nulnt 2012 Oct. 25 2012

|. Two subevents
- consistent with prompt Y + decay e

2. In time with V beam

3. Ty > 200 MeV

- removes beam-unrelated e’s

4. 2nd subevent vertex consistent
decay of prompt particle
- based on observed M kinematics

5. Y/e separation PID

- single-pion bkgs look more e-like u+
6. 5m fiducial volume
7. Low veto activity |dentical selection to vy CCQE analysis:

. . . single Y, 0 TT, any # nucleons
- containment + nothing coming in gle H y




Vyu sample composition

Joe Grange Nulnt 2012 Oct. 25 2012
» 70k events: 60% Vy CCQE » Largest background:
purity vy CCQE
- 43% '2C events, 17% H, - measured!
o . _
» 30% efficiency » Next largest: CCTT™ (next)
Interaction channel ' Contribution (%)
U, +p— p” +n (bound p) 43.2
Uy +p — p +n (quasi-free p) 17.1
vy+n—pu +p 16.6
Uy + N — ut + N + 7~ (resonant) 10.4
Vu+ N — pu~ + N+ 7t (resonant) 3.8
U, +A— put + A+ 7~ (coherent) 3.3
Up+N—pt+N+n° 2.8
Uu+p—pt+A°
Uo+n—pt+X° 2.0
Uu+p—pt+ x°
Others 0.7
............................................................................ 32




CCTtr

Joe Grange Nulnt 2012 Oct. 25 2012

» Single-TT bkg for vy CCQE analysis: s 8

ID’d CCT1* events using 2-Michel tag iz §

- empirically constrained their rate + shape, s ~
0.2

apply to bkg prediction

» Not possible in anti-v mode: single-

pion mechanism CCI 1T, stopped 1T
absorbed in medium ~100%, 2nd
Michel not produced

nuclear
capture




CCTtr

Joe Grange Nulnt 2012 Oct. 25 2012

» Apply the same constraint measured in CCTT* sample to CCTT" events
- uncertain extrapolation!

» Can do better: use improved TT-production model that agrees with
MB CCT11* data as cross-check

- improvements include muon mass effects (absent in Rein-Sehgal)

4500
5 e N MIiniBoONE (stat+sys)
N '
O 4000F 1t ) Rein-Sehgal, M =1.1GeV
§ 3500 |- i1 ccot | Graczyk & Sobczyk v.1 (NEW)
i
e 3000 - * ) - Lalakulich v.1 et al. (NEW)
&~ N A 2 -
2 2500} +*+ ..... . Dipole CA(Q?), M, =1.1 GeV (NEW :l
& 2000 Ak

1500
1000
500

' ' L L A L L ' ' A ' ' A ' ' ' l A L ' ' L A ' A ' A A L A A L i A A i
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
QZQE (Ge\/Z) J. Nowak, Nulnt09




CCTtr
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» Comparison to MiniBooNE predictions

CC1r events in v, CCQE sample tuned to MB CCT[+ data

/

2200
2000
1800
1600
1400

£1200

151000

800
600
400
200

% 005 01 015 02 025 03 035 04 045 05

QZc (GeV?)

Central value prediction = 20 %

........ Berger-Sehgal extended model \

................ Nominal Rein-Sehgal prediction

---- \ o . .
....... improved prediction
PRD 76, 113004 (2007)

pred. w/ no tuning

III|III|III|III|III|IIIlllllllllllllllllllglll

» Level of agreement suggests 20% uncertainty is sufficient




Cross-section calculation, uncertainties

oe Grange ulnt ct.
Grang Nulnt 2012 Oct. 25 2012

» Calculation identical to vy CCQE O analysis

unfolding matrix reco data  reco bkg

N /S
d*o B > Uij(dj — bj)
dT, d(cosf,) AT, A(cosd,)e;®T
bin widths / // \nucleon targets

detection efficiency int. flux

» Same procedure to eval. measurement uncertainties as NCE




Uncertainty summary

Normalization

Error source
uncertainty (%)

» Leading uncertainties: anti-V flux 9
- flux: roughly due in equal parts to
HARP T1- data, beam modeling Backgrounds 9
- backgrognds, roughly split between Detector 5
wrong sign CCQE & CCT11-
production Unfolding 2

Total (includes
correlations)
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Results

Oct. 25 2012

Nulnt 2012

Joe Grange

» Least model-dependent measurement possible with MiniBooNE data.

Independent of CCQE interaction assumptions
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Results

Oct. 25 2012

Nulnt 2012

Joe Grange

"~ ——— MiniBooNEV, CCQE data (CH 5

\j shape uncertainty

) (cm?/GeV)

d%c
dT,d(cos6

» Vy CCQE much more forward-going compared to vy
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Vu CCQE 0’s on '2C only

» To facilitate comparisons with theoretical calculations, CCQE on

hydrogen subtracted to form '2C-only O (using L-S Ma = 1.02 + 0.02 GeV)
- introduces model dependence, also larger errors due to lower sample purity




Vu CCQE 0’s on '2C only

Joe Grange Nulnt 2012 Oct. 25 2012

» To facilitate comparisons with theoretical calculations, CCQE on

hydrogen subtracted to form '2C-only O (using L-S Ma = 1.02 + 0.02 GeV)
- introduces model dependence, also larger errors due to lower sample purity

10 x10%° 10 10%
0.9<cos6,<1.0 0.5<cos 0, <0.6 0.1<cos 6, <0.2

, ﬂﬂ

-0.3 <cos 6, <-0.2

10

Frida

o
T T T

0.0 <cos 6, <0.1

0.8 <cos0,<0.9 0.4<cos0,<0.5 -0.4 <cos 0, <-0.3 |

& MB data (H, subt)

—— Amaro et al.

- Meucci et al. EDAI
— RFG: M, = 1.35 GeV

preliminary 0.2l —— RFG: MA =1.02 GeV

total
uncertainty

-0.1 <cos 6,<0.0

m%s (cm%GeV)
W i

0.5
A

..... Ol N o
0.2<cos6,<0.3 -0.2<cos 6, <-0.1 -0.6 <cos 0, <-0.5
0.4
0.6
0.4
\ 0.
\ d
\ 0.2
00 02040608 1 121.4161.8 c0 02040608 1 12141.61.8 cb 02040608 1 12141618 (i) 02040608 1 12141618
T, (GeV) T, (GeV) T, (GeV) T, (GeV)




Vu CCQE 0’s on '2C only

Joe Grange Nulnt 2012 Oct. 25 2012

» Further model comparisons: assuming underlying interaction is with
independent, at-rest nucleon, can recover incident anti-V energy,
unfold to generated energy

—«— Data (H2 subt.) total error
—— RFG MA =1.35 GeV
------- Free nucleon M, =1.02 GeY

Friday

—— Martini et al.
—— Amaro et al.
—— Bodek et al.

Nieves et al.
Meucci et al. EDAI

_ 2(M, — Bp)E, — (E% — 2M,Ep +m? + AM?)
Y 2[(M — Ep) — E,, + p, cos @]




Vu CCQE 0’s on '2C only

Joe Grange Nulnt 2012 Oct. 25 2012

» Further model comparisons: assuming underlying interaction is with
independent, at-rest nucleon, can recover incident anti-V energy,
unfold to generated energy

—«— Data (H2 subt.) total error
—— RFG MA =1.35 GeV
------- Free nucleon M, =1.02 GeY

—— Martini et al.
—— Amaro et al. 5
—— Bodek et al.

4.5

Friday

x107%°

12 x107°

1 flux peak region

Nieves et al.

8 Meucci et al EDAI L
o < 3.5
§ 13
o) e 3

II IIIIIII|IIII|IIII|IIIIIIII




4. Combined measurements




BooNE of data!

» Robust MiniBooNE measurements:

vi NCE V. NCE vy CCQE Vv, CCQE

PRD 82,092005 (2010) This work PRD 81,092005 (2010) This work

o 'u‘f
» Can exploit correlated systematics:
- detector errors: anti-Vy / Vi, same channel } will show combined
- flux errors: NCE/CCQE in same beam measurements of both types




NCE ratio: vy / vy

» Carefully evaluated correlated uncertainties implemented
- biggest gain in light propagation model

rellod

SRS I Data with total error

"5 %0.5 ... MC M =123 %=1.022)
gl i o) A

- MC (M, =135,x=1.007)
....... MC (M, =102, k=1.000)

.................
......

preliminary

02 04 06 08 1 12 14 16




CCQE: v, / Vi

Joe Grange Nulnt 2012 Oct. 25 2012

» Correlations not yet evaluated
- ratio measurement will only get better

22 x10™%° 7
- — e v,dat — = v data (H_subt. C -
o0F V'RFG ¢ Qo (H, subt,) - —+— MiniBoonE data (p = 0)
i v, Martini et. al ——— ¥, Martini et. al - _ RFG: M. =135 GeV.x =1.007
18 - v, Amaro et. al ——— ¥V, Amaro et.al 6 A ’
C e v, Bodek et. al ——— ¥, Bodek et. al B & —— Amaro et. al
L eemeeas v, Nieves et. al —— V, Nieves et. al -
16— ... vy Meucciet. alEDAl  —— ¥ Meucci et. al EDAI L N Bodek et. al
= b 5 \\ —— Martini et. al
~ F & LLLTIN Nieves et. al
5§ °F 8 4 AT — Maeucci et. al EDAI
- - s
o Iz N
b 3 __
2 \
preliminary - preliminary —
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 B 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0.4 0.6 0.8 1 1.2 14 1.6 1.8 2 0.5 1 15 2 2.5
E, (GeV) E, (GeV)




CCQE: v, / Vi

Joe Grange Nulnt 2012 Oct. 25 2012

» (Inverted) comparison to earlier prediction

7T v to v cross sections ratio
- —+— MiniBoonE data (p =0) H# 4
6l — RFG: MA =1.35 GeV,x =1.007 1 '
C & —— Amaro et. al
C —— BodeKk et. al
o 3 \\\ ——— Martini et. al S 0.75 ¢
o Al NN Nieves et. al S
81 4 AT TS —— Meucci et. al EDAI ﬁ 050l
'\> N B
>i 3 > 8
- & 0.25 ]
B free ——
2r . \ 12C, £43% —
- preliminary — 0 . .
B N R R PR 0.2 1 10 100
0.5 1 1.5 2 2.5
E, (GeV) E (GeV)

A. Ankowski talk




CCQE Vu - \_/p

» Difference as a function of Q,<F
- again, correlations not yet taken into account
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NCE/CCQE ratio for Vu,\—/p

Joe Grange Nulnt 2012 Oct. 25 2012

» Recall exp’t definitions of Q2ge very different here: hadronic vs.
leptonic observations

Qg}E,NCE = 2mpy ZTN QéE,CCQE = 2E9E(Pu cos 0, —my) + mi
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5. Summary




Summary

Joe Grange Nulnt 2012 Oct. 25 2012

» MiniBooNE has analyzed > 90% of neutrino mode data, and today’s
analysis brings the total in anti-neutrino mode to > 80%

» New anti-neutrino CCQE data favor high normalization and harder
momentum transfer spectrum compared to expectation associated

with Ma = 1.0 GeV. NCE data favors higher normalization.

» Papers from both analyses forthcoming




» MiniBooNE has analyzed > 90% of neutrino mode data, and today’s
analysis brings the total in anti-neutrino mode to > 80%
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Comparison to NOMAD data

Joe Grange Nulnt 2012 Oct. 25 2012
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Vu CCQE 0’s on '2C only
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» Under same assumptions on underlying interaction, can calculate
“QZQE”
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» Again, data prefers higher normalization, harder spectrum compared
to expectations with Ma = .0 GeV




- capture wrong-sigh measurement

» Due to Y™ nuclear capture (~8% in min. oil), fewer V- induced CC events lead
to a decay electron. By adjusting the v and anti-v predictions, find a Vv flux
factor oy and anti-V rate scale Oy

o+ 6data _ (CVV V,u—l—e + ay D,u—|—e) MC

/,LOIllydata _ (Oé,/ H only + ay ok only) MC




Booster Neutrino Beam

Joe Grange Nulnt 2012 Oct. 25 2012

8.9 GeV/c momentum protons
extracted from Booster incident on
beryllium target

Y 4
FNAL Booster| target and horn decay region absorber dirt detector
Booster el *
primary beam . secondary beam . tertiary beam .
(protons) ~ (mesons) : (neutrinos) :




Magnetic horn with reversible
polarity focuses either
neutrino or anti-neutrino

parent mesons
(“neutrino” vs “anti-neutrino” mode)

FNAL Booster [target and horn decay region absorber dirt detector

\ L

primary beam secondary beam tertiary beam

v
y

(protons) ~ (mesons) (neutrinos)




Example of radius fits in E bins

500

400

Events/(0.26m)

300
200

100

- Data with stat error
- == Total MC before fit
— Total MC after fit
— In-tank

— DirtMC

Events/(0.26m)

-
[N}
w
IS
o)
—
3 o
=

355—
30F
25E
2o§-
15

Events/(0.26m)

-
-\_IJIII i

-
N
wh-
»
(3]

R(m)

Events/(0.26m)

500 R

400 :-

300 -
200

100




(cm%GeV)

&’
dT d(cos 0,

CH3 comparison to RFG

Joe Grange

» Data shape favors high effective axial

Mmass

Nulnt 2012

- data ~10% high of Ma = 1.35 GeV

» Total uncertainty shown here

Oct. 25 2012
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What does K do!?

Joe Grange Nulnt 2012 Oct. 25 2012

» Small value of k (1.007) does appreciably affect low Q%
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Vyu sample composition

Joe Grange

Nulnt 2012 Oct. 25 2012
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V-mode rate

» Robust measurements of
NC EL /

wrong-signs allow for anti-v
CCQE, NCE measurements

CCm

CCnl
NC r*'-

NC v

PRD 81,
013005 (2010)

other

v

QE

» Measurements showp today WS v /
(Vu, CCQE, NCE) bring the
measured rate for anti-v
mode to 83%

PRD 84, 072005 (201 1)




Scattering formalism

Joe Grange Nulnt 2012 Oct. 25 2012

» Use Llewelyn-Smith expressions for elastic scattering on free nuclei

do M°G; 1V, T

2
5 5 S—Uu 5 S—Uu
A(Q*)=B(Q )x( — )+C(Q )x( e ) ]
Phys. Rep. 3,261 (1972)
e A B, C functions of vector and axial form factors

* Form factors determined by external data (electron scattering,  decay), this leaves
neutrino experiments one free parameter: the axial mass Ma
* increased Ma — normalization increase, harder Q? spectrum

» Bound nucleon targets treated as independent particles subject to

binding energy and global Fermi momentum “Relativistic Fermi Gas (RFG)”
- values set by (e,e’) scattering data Nucl. Phys. B43, 605 (1972)

» Empirical Pauli blocking scale K




More TT models

Phys. Rev. D 76, 033005 (2007).
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